During cortical development, when NR2B subunit is the major component of the NMDA glutamate receptors (NMDARs), moderate NMDAR activity supports neuronal survival at least in part by regulating gene transcription. We report that, in cultured cortical neurons from newborn rats, the NMDARs activated the calcium-responsive transcription regulator nuclear factor of activated T cells (NFAT). Moreover, in developing rat cortex, the NFAT isoforms c3 and c4 (NFATc3 and NFATc4) were expressed at relatively higher levels at postnatal day 7 (P7) than P21, overlapping with the period of NMDAR-dependent survival. In cultured cortical neurons, NFATc3 and NFATc4 were regulated at least in part by the NR2B NMDAR. Conversely, knockdown of NFATc4 but not NFATc3 induced cortical neuron apoptosis. Likewise, NFATc4 inhibition prevented antiapoptotic neuroprotection in response to exogenous NMDA. Expression of the brain-derived neurotrophic factor (BDNF) was reduced by NFATc4 inhibition. NFATc4 regulated transcription by the NMDARresponsive bdnf promoter IV. In addition, NMDAR blockers including NR2B-selective once reduced BDNF expression in P7 cortex and cultured cortical neurons. Finally, exogenous BDNF rescued from the proapoptotic effects of NFATc4 inhibition. These results identify bdnf as one of the target genes for the antiapoptotic signaling by NMDAR-NFATc4. Thus, the previously unrecognized NMDARNFATc4 -BDNF pathway contributes to the survival signaling network that supports cortical development.
Introduction
In the developing nervous system, neuronal survival requires extracellular signals (Oppenheim, 1991; Snider, 1994) . In the cortex, those include the excitatory neurotransmitter glutamate and the neurotrophin brain-derived neurotrophic factor (BDNF). The glutamate NMDA receptors (NMDARs) are calcium-permeable ion channels that are critical for glutamate-mediated survival (for review, see Hardingham, 2006; Hetman and Kharebava, 2006) . Thus, NMDAR antagonists induced cortical neuron apoptosis when administered to rodent pups at postnatal day 7 (P7) but not P1 or P21 (Ikonomidou et al., 1999) . The NMDAR are formed by two molecules of the constant NR1 subunit and two molecules of the variable NR2 subunits (Cull-Candy and Leszkiewicz, 2004) . In developing forebrain neurons, NR2B is the predominant NR2 subunit and thus a major mediator of glutamate-dependent survival of cortical or hippocampal neurons (Cull-Candy and Leszkiewicz, 2004; Habas et al., 2006; Papadia et al., 2008) .
Influx of calcium is critical for the neuronal responses to NMDAR stimulation, including survival (Nakanishi, 1992) . In addition, NMDAR-mediated protection has been proposed to involve transcriptional regulation of gene expression (Marini and Paul, 1992; Gonzalez-Zulueta et al., 2000; Hardingham et al., 2002; Lee et al., 2005; Papadia et al., 2005 Papadia et al., , 2008 . The identified transcriptional regulatory events that contribute to NMDARdependent antiapoptotic response include cAMP response element-binding protein (CREB)/nuclear factor B (NFB)-mediated upregulation of the neurotrophin BDNF, CCAAT/ enhancer-binding protein (c/EBP)-mediated, or AP1-mediated upregulation of antioxidant enzymes Sesn2 or Srxn1, and suppression of the pro-oxidant protein Txbp1 by inhibiting Foxo (Lipsky et al., 2001; Hardingham et al., 2002; Papadia et al., 2008) . Although NR2B has been implicated in regulation of Sesn2, Srxn1, and Txbp1 (Papadia et al., 2008) , its contribution to regulation of other NMDAR-dependent survival genes including bdnf has not been yet reported. Because BDNF and NR2B provide major survival signals during forebrain development, their mutual regulation offers a possibility for a prosurvival positive feedback loop. Such regulatory interaction is predicted by modeling studies of extracellular signal-dependent survival of developing neurons (Deppmann et al., 2008) .
The nuclear factors of activated T-cells (NFATs) represent a family of at least five transcription factors, all of one of which are regulated by the Ca 2ϩ -activated protein phosphatase-2B/calcineurin (PP2B) (Crabtree and Olson, 2002; Hogan et al., 2003) . The PP2B-regulated NFAT isoforms including the neuron-expressed NFATc4/NFAT3 establish partially redundant pathways coupling calcium signaling to the nuclear transcription (Graef et al., 1999; Benedito et al., 2005; Bradley et al., 2005; Seybold et al., 2006; Vihma et al., 2008; Nguyen et al., 2009 ). In cultured cortical or hippocampal neurons, NFAT-driven transcription is regulated by the L-type voltage-gated calcium channels, basal NMDAR activity, and BDNF (Graef et al., 1999; Groth and Mermelstein, 2003) . In cultured rat cerebellar granule neurons (CGNs), NFATc4 has been implicated in antiapoptotic effects of depolarizing concentrations of KCl (Benedito et al., 2005) . However, the NFAT role in NMDAR-mediated neuronal responses including survival of developing cortical neurons has not been reported before this study. Therefore, we set out to (1) determine the mediators of the NMDAR-stimulated NFATdriven transcription, (2) evaluate its role in NMDAR-mediated neuronal survival, and (3) identify which of NMDAR-regulated survival genes are targeted by NFAT.
Materials and Methods
Materials. The following plasmids have been described previously: pON260 (Cherrington and Mocarski, 1989) ; hemagglutinin (HA) or green fluorescent protein (GFP) -tagged expression vectors for wild type (wt) NFATc4 cloned in pBJ5 or enhanced GFP (EGFP) mammalian expression vectors, respectively (Graef et al., 1999) ; expression vector for wtNFATc1 cloned in pBJ5 plasmid (Beals et al., 1997) ; NFAT-luciferase reporter plasmid (Graef et al., 1999) ; the flag-tagged wt and R474A/ N475A/T541G NFATc4 expression plasmids (Yang and Chow, 2003) ; EF1␣LacZ ␤-galactosidase (␤-gal) expression vector and CRE-luciferase reporter plasmid (Impey et al., 1998) ; rBDNF IV 4.5-chloramphenicol acetyltransferase (CAT) containing a fragment of the rat BDNF promoter IV (from Ϫ4100 through 285 relative to the transcription start) cloned 5Ј to a chloramphenicol acetyltransferase reporter gene in pBLCAT2 (Shieh et al., 1998) ; dominant-negative p53 expression vector cytomegalovirus-p53-DD (Shaulian et al., 1992) ; pSUPER vector (Brummelkamp et al., 2002) ; and pSuper-based small interfering hairpin RNA (shRNA) constructs targeting GFP and MKL1 (Kalita et al., 2006) . The 5xSRF-luciferase reporter was purchased from Stratagene. The pcDNA3-based expression vector for GFP-tagged wt NFATc3 was kindly provided by Dr. Yuriy Usachev (University of Iowa, Iowa City, IA). The following antibodies and reagents were obtained from commercial sources: rabbit polyclonal anti-GFP (MBL); rabbit polyclonal anti-␤-gal (MP Biomedicals); the Texas-Red-or HRP-conjugated goat antibodies to rabbit IgG (Calbiochem); BDNF (Alomone Labs); tacrolimus (FK506; A.G. Scientific); tetrodotoxin (TTX) (Ascent Scientific); and NMDA, dizocilpine maleate (
, and Hoechst 33258 (Sigma or Calbiochem).
Cell culture and transfection. Cortical neurons were prepared from newborn Sprague Dawley rats at postnatal day 0 as described previously (Habas et al., 2006) . The same methodology was used to culture mouse cortical neurons isolated from the previously reported NFAT-luciferase transgenic mice that were bred on the FVBN background (Wilkins et al., 2004) . Briefly, culture medium was basal medium Eagle supplemented with 10% heat-inactivated bovine calf serum (Hyclone), 35 mM glucose, 1 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cytosine arabinoside (2.5 M) was added to cultures on the second day after seeding [day in vitro 2 (DIV2)] to inhibit the proliferation of nonneuronal cells. Cells were used for experiments on DIV6 -DIV7 unless indicated otherwise. Transient transfections were performed on DIV3-DIV4 using the Lipofectamine 2000 reagent (Invitrogen) as described previously (Hetman et al., 2002) . Electroporation of freshly dissociated newborn rat cortical neurons was conducted using a rat neuron nucleofection reagent kit (Amaxa).
Animal treatment. Sprague Dawley rats were housed with their siblings under a 12 h light/dark cycle and with ad libitum access to water and food. All animals were treated in accordance with the guidelines of the National Institutes of Health and the University of Louisville Guidelines for the Care and Use of Laboratory Animals. MK801 and ifenprodil were dissolved in sterile saline and administered as a single subcutaneous injection at P7. To collect the tissues for RNA extraction, rats were killed with CO 2 .
Cultured neuron treatments. LY294002, MK801, ifenprodil, Ro-25-6981, FK506, and U0126 were dissolved in dimethylsulfoxide (DMSO). Bicuculline/4AP, APV, NMDA, and TTX were dissolved in culture media and saline, respectively. BDNF was diluted in PBS containing 0.1% bovine serum albumin. BDNF or NMDA were added 30 min before LY294002. NMDAR blockers or FK506, U0126, or TTX were added 30 min before NMDAR or synaptic activity stimulations. Drug treatments were performed in regular culture media containing 10% bovine calf serum. The final concentration of DMSO in the medium was 0.2-0.4%.
Design and cloning of shRNA and reporter plasmids. To generate NFATc4 shRNA constructs, we selected two sequences corresponding to nucleotides 564 -582 (shNFATc4-N) and 2306 -2324 (shNFATc4-C) of rat NFATc4, both of which were validated previously as suitable small interfering RNA targets (Benedito et al., 2005) . Comparison of mouse, rat, and human mRNA sequences demonstrated that the NFATc4-N target sequence was completely conserved between these species, whereas the NFATc4-C target sequence was unique for rodents. Oligonucleotides were designed (shNFATc4-N, gatccccgggacggctctcctagagattttcaagagaaatctctaggagagccgtccctttttggaaa; NFATc4-C, gatccccggcggaggaagcgcagtccttcaagagaggactgcg-cttcctccgcctttttggaaa) together with their complementary counterparts, followed by annealing and subcloning into pSUPER vector digested with BglII and HindIII (Oligoengine). Also, the NFATc3 shRNAs (shNFATc3) constructs were prepared in a similar way after selecting the target regions using the shRNA design freeware (http://sonnhammer.cgb. ki.SE/). The shNFATc3-1 targets nucleotide sequence 113-131 of rat NFATc3, AGATGATTGTGCATCCATT, which is rodent/human conserved; shNFATc3-2 targets nucleotide sequence 1243-1261 of rat NFATc3, CATCTTCATTACCTCCATT, which is rodent specific. The shNFATc3 consisted of an equimolar mix of shNFATc3-1 and shNFATc3-2. The hBDNF IV-luciferase plasmid was constructed by placing a fragment of the human BDNF promoter IV 5Ј from a luciferase reporter gene in pGL4.15 vector (Promega). The fragment included position Ϫ205 through 337 relative to the major transcription start site (Pruunsild et al., 2007) . Site-directed mutagenesis was used to introduce base substitutions in the composite NFAT/MEF2 consensus site at positions 140 -156: wild type, 5ЈATTTCCACTATCAAATA3Ј; mutant, 5ЈAT-TggCACgcTCAAATA3Ј (base substitutions in the NFAT/MEF2 binding element are in lowercase).
Reporter gene assays. Luciferase and ␤-gal activities were assayed using commercial assay kits (Promega); CAT protein levels were determined using ELISA (Roche Diagnostics). For experiments with transiently transfected reporter plasmids, neurons were cultured on 24-well plates (5 ϫ 10 5 per well) and transfected with Lipofectamine 2000; transcriptional activity was determined as a luciferase activity or CAT expression normalized to ␤-gal activity and compared with unstimulated controls. In experiments with neurons from the NFAT-luciferase reporter mouse line, luciferase activity was normalized against the total protein concentration.
RNA analysis. RNA was isolated from 2-5 ϫ 10 6 cells or from newborn rat tissues using TRI Reagent (Sigma). The remaining DNA was removed by digestion with DNase I (Promega), and RNA was reverse transcribed with AMV First-Strand cDNA Synthesis kit (Invitrogen) in the presence of random hexamers. For quantitative real time (qRT)-PCR, RT 2 RealTime SYBR Green mix (SuperArray Bioscience Corporation) and the ⌬⌬CT method of quantification were applied. The reference RNA was 18S rRNA. The qRT-PCR primers were as follows: 18S (sense, gttggttttcggaactgaggc; antisense, gtcggcatcgtttatggtcg), NFATc1 (sense, agatggtgctgtctggccataact; antisense, tgcggaaaggtggtatctcaacca), NFATc2 (sense, tcacagctgagtccaaggttgtgt; antisense, agcatgttaggctggctcttgtct), NFATc3 (sense, tggcatcaacagtatggacctgga; antisense, tttaccacaaggagaagtgggcct), NFATc4 (sense, atcactggcaagatggtggctaca; antisense, agcttcaggattccagca-cagtca), BDNF (sense, gagaaagtcccggtatcaaa; antisense, ccagccaattctcttttt), alivin (sense, aaacctgtctaaggtgcctgggaa; antisense, gttgttgtggcgaacaatcagggt), and L1 (sense, tctgcttcatcaaacgcagcaagg; antisense, attgtcactgtactcgccgaaggt). For reverse-transcriptase-PCR, the qRT-PCR primers for NFATc1-4 were applied together with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers (sense, catcaccatcttccaggagc; antisense, ctaagcagttggtggtgc).
Immunofluorescence and Western blot analysis. Transfected cells were detected by immunostaining with the rabbit antibody against ␤-gal using standard immunofluorescence methodology. For Western blot analysis, cortical neurons were washed twice with PBS and lysed in SDS-PAGE sample buffer. SDS-PAGE and blotting with the anti-GFP antibody were performed according to standard procedures.
Quantification of apoptosis. Cell nuclei were visualized with Hoechst 33258. The transfected, ␤-gal-positive cells with uniformly stained nuclei were scored as viable. The transfected cells displaying condensed or fragmented nuclei were scored as apoptotic. At least 200 cells were evaluated for each condition in each independent experiment.
Statistical analysis. Statistical analysis of the data was performed using one-way ANOVA, followed by post hoc comparisons.
Results
To determine whether the NMDARs regulate NFAT-driven transcription, we evaluated effects of NR2B-selective or nonselective NMDAR antagonists on the transiently transfected luciferase reporter gene whose promoter contained five repeats of the consensus NFAT binding sites from the 5Ј regulatory region of the human Il-2 gene. At DIV7, a 6 h treatment with either NR2B-selective ifenprodil or the nonselective dizocilpine (MK801) reduced NFAT activity by 35 or 45%, respectively (vehicle controls vs ifenprodil or MK801, p Ͻ 0.01 or Ͻ0.001, respectively) ( Fig.  1 A) . The effects of dizocilpine were similar to those of ifenprodil (ifenprodil vs MK801, p Ͼ 0.05) (Fig. 1 A) . In contrast, neither ifenprodil nor dizocilpine affected CRE-or serum response factor (SRF)-mediated transcription (Fig. 1 A) . In cortical neurons, which were isolated from newborn NFAT-luciferase transgenic mice, ifenprodil or dizocilpine also lowered NFAT-mediated transcription (vehicle controls vs ifenprodil or MK801, p Ͻ 0.001, respectively) (Fig. 1A) . Either drug induced similar decrease of NFAT activity (ifenprodil vs MK801, p Ͼ 0.05) (Fig. 1A) . Thus, NR2B-mediated regulation of NFATdriven transcription occurred at the levels of episomal plasmid-or chromatin-integrated NFAT reporter genes.
Although in some experiments, low prosurvival concentrations (1-15 M) of NMDA moderately increased endogenous NFAT activity, increasing synaptic activity with the 16 h bicuculline ϩ 4AP treatment consistently stimulated NFATdriven transcription (data not shown and Fig. 1 B) . Moreover, that effect was sensitive to NR2B-selective or nonselective NMDAR blockade ( Fig. 1 B) . Therefore, our results indicate that, at least in cultured rat cortical neurons, NFAT-driven transcription is regulated by the NR2B NMDAR.
To determine which NFATc isoforms may be regulated by NMDAR and contribute to NMDAR-mediated neuronal survival, we studied their expression in cultured rat cortical neurons and in developing rat cortex. In DIV7 cultures, mRNAs for NFATc1, NFATc2, NFATc3, and NFATc4 were detected (Fig. 2 A) . However, significant temporal differences were observed in relative abundance of those mRNAs during cortical development in vivo. Expression of NFATc1 mRNA increased 3.5-fold at P7 compared with P1 ( p Ͻ 0.001) (Fig. 2 B) . It remained elevated at P21 (P21 vs P1, p Ͻ 0.05; P21 vs P7, p Ͼ 0.05) (Fig. 2 B) . NFATc2 mRNA levels were 6-or 11-fold higher at P7 or P21 than at P1, respectively (P7 or P21 vs P1, p Ͻ 0.001; P21 vs P7, p Ͻ 0.001) (Fig. 2 B) NFATc3 mRNA levels were similar at P1 and P7 but declined by half at P21 (P1 vs P7, p Ͼ 0.05; P21 vs P7, p Ͻ 0.05) (Fig. 2C ). At P7, cortical NFATc4 mRNA levels were at least twofold higher than at P1 or P21 ( p Ͻ 0.05) (Fig. 2C) . Thus, the relatively higher expression of NFATc3 and NFATc4 at P7 than P21 overlaps with the period of the predominant cortical presence of NR2B NMDAR and the NMDAR-dependent cortical neuron survival (Ikonomidou et al., 1999; Cull-Candy and Leszkiewicz, 2004) . Consequently, we focused our additional studies on these two members of the NFAT family.
To determine NFATc3/c4 responsiveness to NMDAR stimulation, DIV4 neurons were cotransfected with an expression plasmid for either NFAT together with the NFAT-luciferase reporter plasmid. After 48 h, cells were stimulated with 10 M NMDA for 6 h. The transcriptional activity of the overexpressed NFATs increased in response to NMDA treatment (9.2-or 5.8-fold of unstimulated controls for NFATc3 or NFATc4, respectively) (Fig.  3A) . In addition, the NMDA-mediated NFATc3/c4 activation was disrupted by the NMDAR antagonists, including the NR2B-selective ifenprodil and Ro-25-6981, as well as the nonselective MK801 and APV (Fig. 3A) . NMDA stimulation induced nuclear translocation of the EGFP-tagged NFATc3/c4 (Fig. 3B and data not shown). This translocation was abolished by the PP2B inhibitor FK506 but not by the MKK1/2 inhibitor U0126 (Fig. 3B and data not shown). However, either inhibitor reduced the NMDAR- . Forty-eight hours after transfection, cells were treated for 6 h with 10 M ifenprodil (IFN), 10 M MK801, or vehicle (Veh, 0.2% DMSO). Cortical neurons from newborn transgenic mice carrying an NFAT-driven luciferase reporter gene underwent the same pharmacological treatment at DIV7. A specific decrease of NFAT-driven transcription after ifenprodil or MK801 treatments suggests NFAT dependence on the basal NR2B NMDAR activity. B, Rat cortical neurons were transfected as in A. To enhance synaptic activity, bicuculline/4AP (50 Mϩ2.5 mM,Bicc/4AP)wasappliedfor16hatDIV6.After blocking neuronal electrical activity with 1 mM TTX, bicuculline/4AP failed to activate NFAT-driven transcription. In addition, the synaptic activity-induced NFAT-driven transcription was reduced after blocking NR2B NMDAR. In A, data represent means Ϯ SEM of triplicate determinations from at least three independent experiments; in B, triplicate determinations from sister cultures Ϯ SD are depicted. **p Ͻ 0.01; ***p Ͻ 0.001. Results similar to those in B were obtained in at least two independent experiments. mediated transcriptional activation of the overexpressed NFATc3/c4 (Fig. 3C) . Also, NMDA failed to activate the R474A/ N475A/T541G mutant form of NFATc4 that is deficient in interactions with the transcription factors AP1 and c/EBP (Yang and Chow, 2003) . For instance, in cortical neurons stimulated with 10 M NMDA for 6 h, activities of the overexpressed wt or the R474A/N475A/T541G mutant NFATc4 were 3.35 Ϯ 0.32-fold or 1.2 Ϯ 0.11-fold of the unstimulated controls, respectively. Thus, as in the case of other NFATc3/c4-activating stimuli, NMDARmediated activation of NFATc3/4 required PP2B-dependent nuclear translocation, ERK1/2 activation, and interactions with other partner transcription factor(s) (Crabtree and Olson, 2002; Hogan et al., 2003) .
To further determine the NFATc3/c4 contributions to NFATdriven transcription in cortical neurons, we used shRNA plasmids targeting these NFAT isoforms. The shNFATc4-N plasmid targeted a sequence in the 5Ј coding region of the NFATc4 mRNA that was used before for a successful knockdown of rat NFATc4 (Benedito et al., 2005) . The shNFATc3 consisted of a pool of two shRNAs that were designed to target rat NFATc3. The shNFATc3/c4 disrupted activity of their respective targets in NMDARstimulated cortical neurons (Fig. 4 A, B) . Additional validation experiments using NMDAR-stimulated neurons and evaluating effects of (1) shNFATc3 on activation of the overexpressed NFATc4, (2) shNFATc4-N on activation of the overexpressed NFATc1, and (3) shNFATc4-N on activation of the endogenous CRE-driven transcription, demonstrated that neither shRNA reduced NMDAR activity (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Also, shNFATc4-N reduced levels of the overexpressed NFATc4 (supplemental Fig.  1 D, available at www.jneurosci.org as supplemental material). Therefore, these results indicate efficient knockdown of NFATc3 or NFATc4 using shNFATc3 or shNFATc4-N, respectively.
To assess contributions by NFATc3/c4 to the NMDARmediated increase of NFAT-driven transcription, we selected bicuculine/4AP synaptic stimulation protocol that resulted in NR2B NMDAR-dependent activation of NFAT (Fig. 1 B) . Cortical neurons that received shNFATc3 or shNFATc4 displayed reduced activation of NFAT-driven transcription in response to an 8 h bicuculine/4AP treatment. In neurons receiving control shRNA (shGFP), there was a 3.5-fold activation of NFAT-driven transcription that declined to 2-or 2.4-fold of unstimulated controls after NFATc3 or NFATc4 knockdown, respectively (shGFP vs shNFATc3 or shNFATc4, p Ͻ 0.01 or p Ͻ 0.001, respectively) (Fig. 4C) . Hence, NMDAR regulates activity of endogenous NFATc3/c4.
Because the NR2B NMDAR-regulated NFATc3/4 are expressed in the cortex during the period when NMDAR antagonists induce cortical neuron apoptosis (Fig. 2C) (Ikonomidou et al., 1999) , NFATc3/c4 may promote neuronal survival by suppressing apoptosis. Indeed, in cultured cortical neurons, inhibition of NFATc4 induced apoptosis as indicated by nuclear chromatin condensation (Fig. 5A) . Thus, in neurons transfected with a control shRNA that targeted GFP, 15, 24, and 30% apoptosis were present at 48, 72, and 96 h after transfection, respectively (Fig. 5B) . At each of these time points, neurons that were transfected with shNFATc4-N displayed significantly more apoptosis (20, 45, and 52%, respectively) (Fig. 5B) . To ensure that this proapoptotic effect is not caused by off-target effects of the shNFATc4-N, we also tested another shRNA construct that targeted a 3Ј coding region of the rodent NFATc4 mRNA (shNFATc4-C). The shNFATc4-C induced cortical neuron apoptosis whose extent and kinetics were similar to those in shNFATc4-N-receiving cells (Fig. 5 B, C) . Conversely, knockdown of NFATc3 did not induce neuronal apoptosis (Fig. 5 B, C) . Therefore, at least under culture conditions, NFATc4 but not NFATc3 is required for cortical neuron survival.
To determine whether NFATc4 contributes to NMDARdependent survival, DIV4 cortical neurons were transfected with shNFATc4-N or shGFP. At 48 h after transfection, cells were exposed for 24 h to 30 M LY294002, which is a drug inhibitor of the phosphatidylinositol-3-kinase (PI3K). We have reported previously that such treatment induces cortical neuron apoptosis that can be suppressed by NR2B stimulation with moderate concentrations of exogenous NMDA (Habas et al., 2006) . In concert with our published results, in shGFP-or shNFATc4-transfected neurons, LY294002 increased apoptosis from 21 to 45% or 30 to 65%, respectively ( p Ͻ 0.01) (Fig. 6) . In shGFP-receiving neurons, cotreatment with LY294002 and 10 M NMDA reduced apoptosis from 45 to 25% ( p Ͻ 0.05) (Fig. 6) . In contrast, shNFATc4-N prevented the NMDA neuroprotection against LY294002 (65 or 54% apoptosis with 0 or 10 M NMDA, respectively, p Ͼ 0.05) (Fig. 6) . We also performed similar experiments to evaluate whether shNFATc3 affected NMDAR-dependent neuroprotection of PI3K-inhibited neurons. Unexpectedly, we observed a neuroprotective effect of shNFATc3 (A. Vashishta and M. Hetman, unpublished observation). Although analysis of NFATc3 contribution to NMDAR-dependent survival was not Figure 2 . NFAT isoform expression in cultured rat cortical neurons and in developing rat cortex. A, Reverse transcription-PCR analysis of NFAT isoform mRNA expression in cultured rat cortical at DIV7. GAPDH mRNA levels were also determined. B, C, The qRT-PCR was used to determine the NFAT isoform mRNA levels in developing rat neocortex at P1, P7, and P21. The 18S rRNA levels were used for normalizations. Note that expression of NFATc3 and NFATc4 peaks at P7 and declines at P21, overlapping with the maximum expression of the NR2B NMDAR and the survival dependence of cortical neurons on NMDAR (Sheng et al., 1994; Ikonomidou et al., 1999) . In B and C, each data point represents six to seven animals Ϯ SEM. *p Ͻ 0.05; ***p Ͻ 0.001. possible because of the shNFATc3-mediated rescue of LY294002-treated neurons, the latter activity suggests that, at least during PI3K inhibition, NFATc3 induces rather than prevents apoptosis. Although the proapoptotic activity of NFATc3 is under current investigation (Vashishta and Hetman, unpublished observation), our results indicate specific requirement of NFATc4 for moderate NMDAR activity to protect against neuronal apoptosis.
Because the major function of NFATs is regulation of gene transcription, it is likely that NFATc4 provides antiapoptotic neuroprotection by mediating the NMDAR-induced increases in survival gene expression. Thus, we analyzed the 5Ј regulatory regions of several previously identified NMDAR-regulated antiapoptotic survival genes for the presence of the NFAT consensus binding site core 5ЈWGGAAAW3Ј, with W being A or T (Hogan et al., 2003) . The search included genomic sequences from human, mouse, and rat (if available) to verify the evolutionary conservation of the NFAT regulatory elements. Several putative NFAT binding sites were found in the 5Ј regulatory regions of alivin, l1, and bdnf genes. Six of eight alternative bdnf promoters contain evolutionary conserved NFAT elements. Therefore, alivin, L1, and BDNF may be regulated by the NR2B-responsive NFATc4.
To further evaluate this possibility, we determined the effects of NFATc4 knockdown on the basal mRNA levels of alivin, L1, and BDNF. Four days after electroporating shNFATc4-N, mRNA levels of endogenous NFATc4 or BDNF declined to 20 or 60% of those in neurons receiving the control shRNA, respectively ( p Ͻ 0.01) (Fig. 7) . In contrast, mRNAs of alivin or L1 were unaffected by shNFATc4. Consistent with NFAT contribution to regulation of BDNF expression, a 24 h treatment with the 0.2 g/ml PP2B inhibitor FK506 reduced BDNF mRNA levels to 58 Ϯ 2.7% untreated controls ( p Ͻ 0.01). These results indicate that, in cultured rat cortical neurons, NFATc4 regulates BDNF mRNA levels.
At least in rodents, transcriptional regulation of BDNF promoter IV provides a major coupling between BDNF expression and neuronal activity/NMDAR (Hong et al., 2008 ). Therefore, we tested a possibility that NFATc4 regulates promoter IV. Compared with its wild-type counterpart, the mutant promoter IV with disruption of the conserved NFAT/ MEF2 composite site at position 140 -156 (relative to the major transcription start site of human bdnf exon IV) had greatly reduced basal transcriptional activity and diminished responsiveness to NMDAR stimulation (Fig. 8 A) . We also evaluated effects of manipulating NFATc4 on the NMDAR-mediated activation of the promoter IV. In neurons that were stimulated with 10 M NMDA for 20 h, overexpression of NFATc4 increased promoter IV activation, whereas shNFATc4-N-mediated knockdown of NFATc4 reduced promoter IV activation (Fig. 8 B) . Analysis of five independent experiments revealed that the NMDAR-mediated activation of promoter IV was enhanced by 40 Ϯ 9.5% or reduced by 25 Ϯ 3.65% in NFATc4-or shNFATc4-transfected neurons, respectively ( p Ͻ 0.001). These results indicate that NFATc4 contributes to activation of BDNF promoter IV.
The NR2B NMDAR appears as a major NMDAR subtype that, during moderate stimulation, activates NFATc4 (Figs. 1, 3 ). Therefore, we tested the effects of selective NR2B inhibition on expression of candidate NFATc4-regulated survival genes in cortices of P7 rat pups or in cultured cortical neurons. At P7, single systemic injections of NMDAR antagonists induced apoptotic cell death of cortical neurons, indicating their critical dependence on NMDAR activity (Ikonomidou et al., 1999) . Three hours after administering the nonselective MK801 (10 mg/kg, s.c.) or the NR2B-selective ifenprodil (20 mg/kg, s.c.), cortical levels of BDNF mRNA reached 22 or 30% of saline-treated controls ( p Ͻ 0.001) (Fig. 9A) . In contrast, L1 or alivin mRNA levels were significantly reduced in response to MK801 but not ifenprodil (42%, p Ͻ 0.05 or 34%, p Ͻ 0.001, respectively) (Fig. 9A) . Also, in DIV7 cultured cortical neurons, either NR2B-selective or nonselective NMDAR blockade reduced BDNF mRNA levels (Fig. 9B) . Although, the nonselective MK801 appeared more effective than the NR2B-selective ifenprodil or Ro-25-6981, these differences were not significant (MK801 vs ifenprodil or Ro-25-6981, p Ͼ 0.05). Thus, in P7 cortex or in cultured cortical neurons, moder- . Forty-eight hours after transfection, cells were treated with NMDA in the presence of the PP2B inhibitor FK506 or the ERK1/2 pathway blocker U0126 for 6 h. The z-stack confocal images of GFP-NFATc4 revealed NMDAR-mediated nuclear translocation of NFATc4. This translocation was blocked by PP2B but not extracellular signal-regulated kinase inhibition. Similar results were obtained in three independent experiments using either GFP-NFATc3 or GFP-NFATc4. C, Forty-eight hours after transfection that was performed as in A, cells were treated with NMDA in the presence of FK506 or U0126 for 20 h as indicated. NMDAR-mediated activation of NFATc3/c4 was antagonized by blocking either PP2B or the ERK1/2 pathway. In A and C, averages Ϯ SD of triplicate determinations from sister cultures are shown. Similar results were obtained in at least two independent experiments. ate activity of NR2B NMDAR contributes to the regulation of BDNF mRNA levels. This is consistent with the role of NR2B in driving NFAT-mediated transcription and the contribution of the latter to BDNF expression.
If BDNF is among the survival targets of NFATc4, one could expect that its supplementation could protect against apoptotic toxicity of the shNFATc4. Thus, cortical neurons were transfected with shNFATc4-N or shGFP used as a control. Forty-eight hours after transfection, cells were treated with 0 or 10 ng/ml BDNF. After the next 24 h, apoptosis analysis revealed 15 or 28% apoptotic neurons that received shGFP or shNFATc4, respectively ( p Ͻ 0.01) (Fig. 10 A) . BDNF lowered apoptosis of shNFATc4-N-transfected neurons from 28 to 12% ( p Ͻ 0.001) (Fig. 10 A) . In contrast, 10 M NMDA, which similarly to BDNF protected against PI3K inhibition (Hetman et al., 2002) , failed to Fig. 1 , available at www.jneurosci.org as supplemental material) suggest that shNFATc3 or shNFATc4 specifically inhibited NFATc3 or NFATc4, respectively. C, Neurons were transfected with shRNAs as described in A and B except omission of the NFATc3/c4 expression plasmids. At 72 h after transfection, cells were stimulated with bicuculline/4AP (50 M ϩ 2.5 mM, Bic/4AP) for 8 h. The synaptic activity-mediated increase of NFAT-driven transcription was reduced by shNFATc3 or shNFATc4-N. Because synaptic activity-mediated stimulation of NFAT is NMDAR dependent, these results indicate a role for NMDAR in regulating endogenous NFATc3/c4 in rat cortical neurons. In A and B, averages Ϯ SD of triplicate determinations from sister cultures are depicted. Similar results were obtained in at least two independent experiments. In C, data represent averages Ϯ SEM from six sister cultures in two independent experiments. **p Ͻ 0.01; ***p Ͻ 0.001. Figure 5 . Cortical neuron apoptosis in response to NFATc4 knockdown. The DIV4 cortical neurons were cotransfected with control shRNA (shGFP), shNFATc4-N, or shNFATc4-C together with the ␤-gal expression plasmid pON260 (1.0 ϩ 0.2 g of plasmid DNA/5 ϫ 10 5 cells, respectively). The shNFATc3 was used as an additional control. A, Representative micrographs of shNFATc4-N-transfetced neurons at 96 h after transfection. Immunofluorescence for ␤-gal was used to identify transfected neurons. Counterstaining with Hoechst 33258 revealed the noncondensed chromatin of live cells (arrow) or chromatin condensation accompanying apoptosis (arrowhead). B, C, The shNFATc4-N or the shNFATc4-C but not shNFATc3 induced cortical neuron apoptosis. Data represent duplicate determinations from at least three independent experiments Ϯ SEM. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001; ns p Ͼ 0.05. Figure 6 . Requirement of NFATc4 for the NMDA-induced neuroprotection. DIV4 cortical neurons were cotransfected with control shRNA (shGFP) or shNFATc4-N together with a ␤-gal expression plasmid pON260 (1.0 ϩ 0.2 g of plasmid DNA/5 ϫ 10 5 cells, respectively). Fortyeight hours later, cells were exposed to 30 M PI3K inhibitor LY294002 (LY) or vehicle (Veh, 0.2% DMSO). In addition, cells were treated with 10 M NMDA as indicated. After 24 h, LY294002 increased apoptosis in shGFP-or shNFATc4-transfected neurons. In shGFPtransfected neurons, NMDA suppressed the apoptotic response to LY294002. After NFATc4 knockdown, NMDA-mediated neuroprotection was removed. Data represent four independent experiments Ϯ SEM; *p Ͻ 0.05; ns p Ͼ 0.05.
suppress shNFATc4-induced apoptosis (data not shown). These results are consistent with the notion that BDNF maps downstream of the NMDAR-regulated antiapoptotic transcription factor NFATc4 (Fig. 10 B) .
Discussion
In this study, we demonstrated that, in cortical neurons, NFATc4 contributes to the NR2B NMDAR-activated antiapoptotic gene expression program. We also identified BDNF as one of the NFATc4-regulated neuroprotective genes. NFATc4 was expressed in both cultured rat cortical neurons and developing rat cortex in which its expression overlapped with the period of survival dependence on NMDAR activity. Although NFATc1 and NFATc2 were also expressed in developing cortex, only NFATc3 demonstrated an NFATc4-like temporal overlap with NMDAR-dependent cortical neuron survival. Therefore, the NMDAR-NFATc3/c4 signaling may serve developmentspecific roles, including regulation of neuronal survival and/or differentiation.
The NMDAR-mediated regulation of NFATc3/c4 involved calcineurin/PP2B-dependent nuclear translocation, ERK1/2 activity, and interactions with a partner transcription factor of yet unknown identity. Requirement of PP2B and ERK1/2 is consis- Figure 7 . NFATc4 as a regulator of BDNF expression. Freshly isolated cortical neurons were electroporated with control shRNA (shGFP) or shNFATc4-N together with DN-p53 that was added to reduce electroporation toxicity (2.5 ϩ 0.5 g of plasmid DNA/8 ϫ 10 6 cells, respectively). Four days later, RNA was isolated and expression of NFATc4 as well as its NMDARresponsive candidate target genes including bdnf, alivin, and l1 was determined using qRT-PCR. rRNA levels (18S) were used for normalizations. The shNFATc4-N significantly reduced NFATc4 and BDNF mRNA levels. Average of three independent experiments are presented. **p Ͻ 0.01; ***p Ͻ 0.001; ns p Ͼ 0.05. Error bars are SEM. . The mutation consisted of four substitutions inactivating the composite binding sites for NFAT/MEF2 that is fully conserved between primates and rodents (positions 140 -156 from the major transcription start site of exon 4). Two days after transfection, cells were stimulated with 10 M NMDA for 20 h. Disruption of the NFAT/MEF site inhibited NMDA-induced activation of the BDNF promoter IV. Data Ϯ SD are averages of triplicate sister cultures; similar trends were observed in three independent experiments. B, DIV4 cortical neurons were cotransfected with expression plasmids for NFATc4 or shNFATc4-N together with the rat BDNF promoter IV-CAT reporter construct and the ␤-gal expression plasmid EF1␣LacZ (0.2 or 1.1 ϩ 0.2 ϩ 0.125 g of plasmid DNAs/5 ϫ 10 5 cells, respectively). The control plasmids included the empty NFATc4 expression vector pBJ5 (vector) and the shNFATc4-N control shGFP. NMDA stimulation was as in A. In B, data from a representative experiment are shown. Analysis of five independent experiments revealed that the wtNFATc4 enhanced NMDA-mediated promoter IV activation by 40 Ϯ 9.5% and the shNFATc4 reduced the activation by 25 Ϯ 3.65% ( p Ͻ 0.001). tent with the activation mechanism that regulates all calciumdependent isoforms of NFAT in various cell types responding to diverse stimuli (Crabtree and Olson, 2002; Hogan et al., 2003) . Conversely, cell type determines the nature of the NFAT partner(s), including representatives of such transcription factor families as MEF2, AP1, Foxo, or inducible cAMP early repressor (ICER) (Crabtree and Olson, 2002; Hogan et al., 2003) . Although identification of the NFATc3/c4 partner in NR2B-stimulated cortical neurons will be a subject of our future research, it is tempting to speculate that NFATc4 may synergize with the antiapoptotic MEF2s or be antagonized by the proapoptotic ICER or Foxo family members (Brunet et al., 1999; Mao et al., 1999; Gaudilliere et al., 2002; Jaworski et al., 2003) .
The shRNA-mediated knockdown of NFATc4 but not NFATc3 induced cortical neuron apoptosis. Also, shNFATc4 antagonized NR2B NMDAR-mediated neuroprotection. Therefore, NFATc4 is required for the NR2B-dependent cortical neuron survival. Although survival promoting links between glutamate signaling and the NFATc4 have not been demonstrated before this study, proapoptotic effects of NFATc4 inhibition have been reported in cultured CGNs (Benedito et al., 2005) . Conversely, overexpression of active NFATc2/NFAT1 protected CGNs against trophic/neuronal activity deprivation (Benedito et al., 2005) . Thus, NFATc4 may underlie neuronal activity/ neurotransmitter-mediated survival in various neuronal populations throughout the CNS. However, as exemplified by the joint recruitment of NFATc3/c4 during metamphetamine-induced adult neuronal death (Jayanthi et al., 2005) , other NFAT isoforms may cooperate with NFATc4 to support survival of developing neurons.
Although detailed analysis of forebrain development in NFATc4 knock-out mice has not been reported, these animals appeared normal likely attributable to functional compensation by other NFAT isoforms (Graef et al., 2001) . Indeed, only double inactivation of NFATc3 and NFATc4 revealed NFAT requirement for axonal growth (Graef et al., 2003) . Unfortunately, these double knock-out mice cannot be used to study glutamatedependent survival in developing forebrain as they die in utero before forebrain appears (Graef et al., 2003) . In concert with our results indicating that the NFATc4 mediates NMDA-dependent survival but is dispensable for the antiapoptotic effects of BDNF (A. Habas and M. Hetman, unpublished observations), neurotrophin survival response of cultured sensory neurons was not compromised by triple knock-out of NFATc4/c3/c2 (Graef et al., 2003) . Therefore, the prosurvival recruitment of NFATc4 may require neuronal activity/neurotransmission and, as such, occur during synaptogenesis but not at the earlier stages of development.
In addition to its role as an antiapoptotic transducer of physiological survival signals in developing neurons, NFAT-driven transcription may also contribute to injury-induced neuronal death (Jayanthi et al., 2005; Luoma and Zirpel, 2008; Sama et al., 2008) . Therefore, NFAT-driven transcription may either support or antagonize neuronal survival. The cell type and/or the character of the NFAT activating stimulus and/or its signaling context likely determine the opposite survival outcomes of NFAT activation. Finally, different NFATc isoforms may engage in contradictory regulations of neuronal survival.
Although antiapoptotic effects of NFATc4 may involve regulation of multiple antiapoptotic and proapoptotic genes, we have identified bdnf as one of the survival-promoting targets of NFAT. Thus, inhibition of NFATc4 or NR2B NMDAR reduced BDNF expression. Moreover, disruption of the composite NFAT/MEF2 site in the NMDAR-regulated BDNF promoter IV reduced its basal activity as well as responsiveness to NMDA. Conversely, enhancement or reduction of NFATc4 levels increased or decreased NMDA activation of promoter IV, respectively. Finally, exogenous BDNF protected against NFATc4 knockdown (Fig.  10) , which by itself did not affect BDNF neuroprotection against several proapoptotic stimuli (Habas and Hetman, unpublished observations). These results are in agreement with previous studies that demonstrated requirement of BDNF for neuroprotective effects of the NMDAR (Marini and Paul, 1992; Bhave et al., 1999; Chen et al., 1999) . In addition, they add NFATc4 to the list of BDNF transcriptional regulators in NMDAR-stimulated cortical neurons.
Consistent with BDNF importance for brain development and adult brain plasticity, the bdnf gene structure analysis revealed complex regulation of its expression Pruunsild et al., 2007) . Transcription of rodent BDNF is controlled by at least eight alternative promoters . In rodent cerebral cortex or in cultured rat or mouse cortical neurons, BDNF promoter IV (formerly known as promoter III) is the major target for neuronal activity modulation of BDNF transcription (Shieh et al., 1998; Tao et al., 1998; Aid et al., 2007; Hong et al., 2008) . Also, its activity increases postnatally overlapping with the period of neuronal survival dependence on NMDAR . In the BDNF promoter IV region, we identified at least one potential NFAT binding site that is conserved between rodents and primates. NFAT may also bind to NFB sites, and one of them has been suggested to activate promoter IV in NMDA-stimulated CGNs (Lipsky et al., 2001; Hogan et al., 2003) . Thus, NFATc4 effects on BDNF promoter IV activity may be through direct interactions with DNA and the transcription machinery. CREB binding to the promoter IV has been shown recently to underlie the major component of the NMDARmediated BDNF upregulation in cortical neurons (Hong et al., 2008) . Although these results identified CREB as a necessary component for NMDA-induced BDNF transcription, they did not rule out significant contributions by other transcription factors. In fact, it has been shown that CREB may be instrumental for promoter IV recruitment of such calcium-regulated transcriptional regulators as CREB binding protein or the NFAT partner MEF2D (Hong et al., 2008) . Because the consensus NFAT site at the position 140 of promoter IV partially overlaps with a consensus site for a potential NFAT partner, MEF2, it is tempting to speculate that NFATc4 and MEF2D interact to regulate BDNF transcription. The non-CREB regulators of promoter IV may be either corequired for its activation by NMDAR and/or determine the maximum levels of the activation.
Besides NMDAR and neuronal activity, BDNF expression is stimulated by the BDNF itself (Groth and Mermelstein, 2003) . Because BDNF induction by BDNF was sensitive to PP2B inhibition and because NFATc4 overexpression increased BDNF mRNA levels, it has been proposed that NFATc4 regulates BDNF (Groth and Mermelstein, 2003) . By using the NFAT-specific lossof-function approach, our study adds a piece of critical evidence to support that notion.
Our results indicate that stimulation of BDNF expression plays a role in NR2B NMDAR-mediated cortical neuron survival. Similar observations have been reported for the neuronal activity-and/or NMDAR-dependent survival of cultured rat cortical neurons or CGNs (Marini and Paul, 1992; Ghosh et al., 1994; Bhave et al., 1999; Chen et al., 1999) . In addition to promoting survival, BDNF contributes to other key events in the developing nervous system, including morphogenesis or induction of apo-ptosis (Huang and Reichardt, 2001; Miller and Kaplan, 2001) . It remains to be tested whether the NMDAR-NFATc4 -BDNF pathway plays a role in these processes. Although inhibition of NMDAR/BDNF cascade is implicated in the pathogenesis of fetal alcohol syndrome, NFATc4 hypoactivity plays a role in pathogenesis of Down syndrome (Bhave et al., 1999; Ikonomidou et al., 2000; Arron et al., 2006) . Thus, disruption of the NMDARNFATc4 signaling may contribute to genetically or environmentally induced developmental brain disorders that produce mental retardation.
Interestingly, of the three NMDAR-regulated survival genes investigated in this study, only BDNF responded to both NR2B-selective NMDAR blockade and NFATc4 knockdown. Conversely, antiapoptotic cell adhesion molecules alivin and L1 were sensitive to nonselective NMDAR inhibition but not to NR2B NMDAR blocker ifenprodil or shNFATc4. These results suggest specificity of NFATc4 involvement in mediating the effects of NR2B NMDAR stimulation. Likewise, CREB-mediated transcription has been proposed to be preferentially activated by the NR2A receptors (Hardingham et al., 2002) . Therefore, NMDAR isoform-specific recruitment of nonoverlapping transcription factors may underlie the differences in gene expression programs that were reported after activation of different NMDAR pools. Alternatively, regulation of NFATc4 may engage various subtypes of NMDAR dependent on the period of nervous system development. After the maturation-associated switch of the synaptic NMDAR from NR2B to NR2A (Cull-Candy and Leszkiewicz, 2004) , the synaptic activity-regulated NFATc4 may also alter its NMDAR subtype dependence.
In summary, we identified a novel survival signaling pathway that suppresses apoptosis of developing cortical neurons. This pathway consists of the NR2B NMDAR, the transcription factor NFATc4, and the neurotrophin BDNF. Given the broad developmental impact of both NMDAR and BDNF, it is possible that NMDAR-NFATc4 -BDNF signaling affects not only neuronal survival but also other key steps of neuronal differentiation, including synaptogenesis.
